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Abstract 1 
Purpose: To investigate hyperopic shifts and the oblique (or 45°/135°) component of 2 
astigmatism at large angles in the horizontal visual field using the Hartmann-Shack 3 
technique. 4 
Methods: The adult participants consisted of 6 hypermetropes, 13 emmetropes and 11 5 
myopes. Measurements were made with a modified COAS-HD Hartmann-Shack aberrometer 6 
across ±60° along the horizontal visual field in 5° steps. Eyes were dilated with 1% 7 
cyclopentolate. Peripheral refraction was estimated as mean spherical (or spherical 8 
equivalent) refraction, with/against the rule astigmatism and oblique astigmatism 9 
components, and as horizontal and vertical refraction components, based on 3mm major 10 
diameter elliptical pupils.  11 
Results: Thirty percent of eyes showed a pattern that was a combination of Rempt et al.’s 12 
(1971) type IV and type I patterns, which shows the characteristics of type IV (relative 13 
hypermetropia along the vertical meridian and relative myopia along the horizontal meridian) 14 
out to an angle of between 40° and 50° before behaving like type I (both meridians show 15 
relative hypermetropia). We classified these as type IV/I. Seven out of 13 emmetropes had 16 
this pattern. As a group, there was no significant variation of the oblique component of 17 
astigmatism with angle, but about half the eyes showed significant positive slopes (more 18 
positive or less negative values in the nasal field than in the temporal field) and a quarter 19 
showed significant negative slopes. 20 
Conclusion: It is often considered that a pattern of relative peripheral hypermetropia 21 
predisposes to the development of myopia. In this context, the finding of a considerable 22 
portion of emmetropes with the IV/I pattern suggests it is unlikely that refraction at visual 23 
field angles beyond 40° from fixation contributes to myopia development.  24 
 25 
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 27 
Introduction 28 
Refraction in the peripheral visual field has been of interest for over two hundred years since 29 
the time of Thomas Young
1,2
. Recently researchers have exhibited increased interest due to 30 
implications of peripheral refraction in myopia development. The majority of papers in the 31 
last 10 years have considered patterns of refraction out to approximately 35° from fixation, 32 
and older literature must be considered to evaluate what happens at larger field angles. 33 
           In 1931-1933, Ferree, Rand & Hardy
3-6
 used a modified Zeiss parallax refractometer
7
. 34 
The instrument rotated about a fixed point at which the front of the eye was placed, with the 35 
head mounted with a bitebar. A fixation target was presented to the other eye in an effort to 36 
minimize accommodation, with checks that the two eyes were aligned. They gave plots for 21 37 
eyes showing the peripheral refraction along the horizontal and vertical pupil meridians as a 38 
function of horizontal visual field position in approximately 5º steps out to 60º, although for 39 
only two of their participants were they able to get this far in both directions.  40 
Ferree et al. recognized three patterns of peripheral refraction. The type A pattern was 41 
the most common (12 eyes), with light refracted along the vertical meridian showing a 42 
hyperopic shift into the periphery, and light refracted along the horizontal meridian showing a 43 
myopic shift into the periphery and being usually the larger in magnitude. For the type B 44 
pattern (6 eyes), both meridians showed hyperopic shifts into the periphery. A further Type C 45 
pattern (3 eyes) showed asymmetry between the nasal and temporal sides of the visual field. 46 
Examples of Types A, B and C are shown in Figure 1 i-j, a-b and e-f, respectively, where 47 
refractions along the vertical (V) and horizontal (H) meridians have been converted into mean 48 
sphere (or spherical equivalent) M and 90°/180° astigmatism J180 according to  49 
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M = (V + H)/2, J180 = (V – H)/2       (1) 50 
The best known study of peripheral refraction is that of Rempt, Hoogerheide and 51 
Hoogenboom in 1971.
8 
They used retinoscopy to determine refraction in both eyes of 442 52 
partipcipants at 0, 20, 40 and 60º visual field angles in both directions along the horizontal 53 
visual field and “in difficult cases also at 10º, 30º and 50º.” Participants were allowed to turn 54 
their heads “to avoid unwanted influences of the eye muscles”. They wrote: “The results are 55 
put down in a diagram, that we call the peripheral skiascogram or shortly ‘the skiagram’, 56 
based on the same principles as the refractometric diagrams used by Ferree, Rand and 57 
Hardy”.  58 
Rempt et al. divided skiagrams into five patterns, stating “we selected an arrangement 59 
of the type of skiagrams in which the Sturm interval, in relationship with the central 60 
refraction, varied from the maximum hyperopic towards the maximum myopic values, 61 
measured in the periphery”. Their type I and IV patterns were the same as the type B and A 62 
patterns of Ferree et al., respectively. Type II was intermediate between types I and IV, with 63 
a hyperopic shift for the vertical meridian into the periphery and little change in the 64 
horizontal meridian into the periphery (Fig. 1 c-d). Type III was asymmetric and similar to 65 
Ferree et al.’s type C, consisting of type I pattern on one side of the field and type IV pattern 66 
on the other side (Fig. 1 e-f). Type V showed little change of the refraction into the periphery 67 
along the vertical meridian and a large myopic shift into the periphery along the horizontal 68 
meridian (Fig. 1 k-l).  69 
In 1974, Johnson and Leibowitz
9
 measured out to 80° in the temporal visual field in 70 
four participants using retinoscopy, possibly the furthest at which it has been measured. 71 
Results were strange compared to the previous results as not one of the participants had more 72 
than 1.0 D change in cylinder from the centre to the edge of the visual field. 73 
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In 1981, Millodot
10
 measured out to 60º from fixation along the horizontal visual field 74 
with a Topcon coincidence refractor. He limited his analysis to the average data of 75 
emmetropic, hyperopic and myopic groups. He noted the now well known differences 76 
between the patterns of different refractive groups, with the hyperopic group showing a 77 
myopic refraction shift into the periphery, the emmetropic group showing a slight hyperopic 78 
trend in the temporal field (many recent studies have instead found a slight myopic shift, for 79 
example
13
) and the myopic group showing a hyperopic shift into the periphery. 80 
One feature of studies measuring to large angles of 50-60° that has received little 81 
attention is the tendency for the refraction to move in the hyperopic direction, at large angles. 82 
This can be seen in the mean plots of Millodot
10
 for emmetropic and hyperopic groups at 50 83 
and 60° nasal (Fig. 2). This is not particularly obvious in the results presented by Rempt et 84 
al., but they had steps of 20° which may have disguised this. More recently, Gustafsson et 85 
al.
11,12
 analysed point spread functions for 20 emmetropes along the horizontal visual field 86 
and their results show a hyperopic shift beyond 40-50°, both for the horizontal meridian 87 
refraction and the mean refraction (Fig. 3). 88 
A feature lacking from older studies is the 45°/135°, or oblique, component of 89 
astigmatism in the periphery. The only older study to have attempted this was that of Johnson 90 
et al.,
 11
 whose results should be treated with suspicion because of the low cylinders in the 91 
periphery. Recent studies at a more restricted range of angles along the horizontal and 92 
vertical fields have found the oblique component to change linearly with angle, becoming 93 
more positive from the temporal to the nasal field and from the inferior to the superior fields. 94 
In Atchison et al.’s study13 mean rates were +0.004 and +0.011 D/° out to ±35° along the 95 
horizontal and vertical visual fields, respectively (p < 0.001). Fitting the mean data of 96 
Gustafsson et al.
11
 gives a mean rate of change for J45 along the horizontal visual field of 97 
+0.006 ±0.003 D/° out to ±60° (p < 0.001). 98 
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To address the issues of hyperopic shift and the oblique component of astigmatism at 99 
large angles, we report measures of peripheral refraction out to 60° from fixation along the 100 
horizontal visual field in 30 participants with a range of refractions. 101 
102 
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Methods 103 
The study adhered to the tenets of the Declaration of Helsinki, was approved by the Human 104 
Research Ethics Committee of Queensland University of Technology, and all participants 105 
gave informed consent. The participants consisted of 6 hyperopes with mean sphere (or 106 
spherical equivalent) and standard deviation +1.21 D ± 0.64 D and mean age 26 ± 5 years, 13 107 
emmetropes (+0.02 D ± 0.29 D, 23 ± 6 years) and 11 myopes (–2.87 D ± 1.50 D, 27 ± 12 108 
years). Participants with mean sphere within ±0.50 D were classified as emmetropes. All 109 
participants were screened for any ocular pathology and had best corrected visual acuities of 110 
6/6 or better.  111 
Measurements were made with a modified COAS-HD Hartmann-Shack aberrometer 112 
(Wavefront Sciences Inc., USA), across ±60° along the horizontal visual field in 5° steps, 113 
with the nasal side of the field assigned positive values. The COAS-HD aberrometer was 114 
modified by replacing its standard 1.4 mm aperture with a 2.5 mm aperture in order to 115 
minimize vignetting of highly aberrated rays. COAS-HD uses a “one frame tracking 116 
algorithm which increases its dynamic range by adjusting the position of the “area of interest” 117 
associated with each spot on the Hartmann-Shack image on the CCD camera.
14
 Participants 118 
placed their heads on a rotatable chin rest. The chin rest was kept straight for measurements 119 
to ±30°. The chin rest was then rotated by ±30° for measurements from ±35° to ±60° so that 120 
eye rotation was limited to 30°. In order to avoid the aberrometer obstructing most of the 121 
visual field, a two lens relay system (Fig. 4) was built to enable fixation at the targets 122 
mounted on the wall 3 m in front of their eye. A pair of infrared LEDs was part of the relay 123 
apparatus for illuminating the pupil to assist alignment. The measurements were done for 124 
right eyes with occlusion of left eyes. The participants’ right eyes were dilated with 1% 125 
cyclopentolate in order to avoid accommodation confounding the results. Three 126 
measurements were taken for each field angle.  127 
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Data and images were exported to be analyzed by a Matlab (Mathworks, USA) 128 
algorithm. Peripheral refraction was estimated as mean sphere M, with/against-the-rule 129 
astigmatism J180 component and oblique astigmatism component J45 from Zernike 130 
coefficients, using the equations given by Atchison et al.
15,16
 The algorithm compensates for 131 
the elliptical shape of the pupil, seen while measuring aberrations in the peripheral field, by 132 
stretching it by the cosine of the field angle. Effectively, we were analyzing across elliptical 133 
pupils in which the ratio of the minor and major axes was the cosine of the field angle. 134 
Zernike aberration coefficients were estimated up to 6
th
 order, at 555 nm wavelength for 135 
pupils with 3 mm major axes, but only the second-order coefficients were used to determine 136 
refraction. The refraction was taken as the average of the three measures. 137 
Each Hartmann-Shack spot image from the aberrometer was checked by author AM 138 
for any errors in estimation of pupil centre by the algorithm. At high angles, occasionally the 139 
Hartmann-Shack spots from the periphery of the pupil were too faint to be recognized or too 140 
blurred for their centroids to be determined accurately by the analysis software. In these 141 
cases, the pupil was manually recentered to compensate for these unidentified or poorly 142 
identified spots. The correction was required only along the horizontal meridian, and the 143 
largest correction required was 0.32 mm. The pupil illumination LEDs caused some spurious 144 
spots in the Hartmann-Shack image, which occasionally occurred within the pupillary area (< 145 
6 for each LED out of about 250 for 3 mm pupils) and were manually deleted before 146 
generation of Zernike coefficients. 147 
Most analysis was qualitative. Statistical tests included linear regressions of refraction 148 
components against visual field angle and t-tests of significance of change of refraction 149 
component per degree of visual field angle, all using a significance level of 5%. 150 
151 
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Results 152 
We categorized peripheral refraction patterns of our participants according to Rempt et al’s 153 
types I-V scheme wherever possible. Some participants showed a rapid hyperopic shift 154 
towards the edge of the field and we have introduced a new pattern IV/I that shows the 155 
characteristics of type IV out to an angle of between 40° and 50° before behaving like type I. 156 
We placed this pattern between III and IV. Where this shift was found only on one side or at 157 
the largest angle only (60°), we classified the refraction pattern as type IV. Results are shown 158 
for 12 participants in Fig. 1, with 2 representative of each pattern, both in H, V format (see 159 
eq. (1))(on left) and in M, J180, J45 format (on right) [all participants’ results are shown in the 160 
Appendix]. The representatives of the new type IV/I are shown in Fig. 1g-h). Some readers 161 
may disagree with one or more of our classifications. 162 
 Peripheral refraction patterns of 9 and 8 of our 30 participants fitted types IV/I and 163 
IV, respectively, with smaller numbers in other groups (Table 1). Without applying statistics, 164 
the trend was a shift from type I to type V as refraction moved from myopia to hyperopia, 165 
consistent with the trend reported by Rempt et al.
10
 166 
There were considerable contrasts between participants. For example, the type I 167 
participant in Fig. 1b had a range of mean sphere of 14.3 D but a range of J180 of 2.2 D, while 168 
the type IV participant in Fig. 1j had a range of mean sphere of 3.2 D and a range of J180 of 169 
5.8 D (nearly 12 D range in cylinder terms). 170 
 Generally ranges of J45 were small compared with those of J180. As in other studies
13
, 171 
J45 tended to show a linear variation with angle. The average slope of participants was 172 
+0.0017 ± 0.0088 D/° which is not statistically significant from zero and is much smaller than 173 
Gustafsson et al.’s mean slope of +0.006 D/° for 20 emmetropes. The ranges varied from 0.4 174 
D to 3.7 D (Figs. 1f and 1j, respectively). Twenty-four of 30 participants showed a significant 175 
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linear relation of J45 with angle, ranging from –0.021 to +0.018 D/º), of which 16 showed the 176 
more typical positive slopes (Figs. 1a, c, e, f, g) and 8 showed negative slopes (Fig. 1d, j, k). 177 
 178 
Discussion 179 
We made measurements on the right eyes of 30 adults, having a variety of central refractions, 180 
out to ±60º along the horizontal field using a modern aberrometer. A sizable minority of eyes 181 
(30%) showed a pattern that was a combination of Rempt et al.’s type IV and type I patterns, 182 
having the characteristics of type IV (relative hyperopia along the vertical meridian and 183 
relative myopia along the horizontal meridian) out to an angle of between 40° and 50° before 184 
behaving like type I (both meridians show relative hyperopia). We have classified these as 185 
type IV/I.  186 
    Our study supports the Millodot
10
 and Gustaffson
11
 studies by finding a tendency for 187 
hyperopic shift in the far periphery (≥ 50º). 188 
     As a group, there was no significant variation of oblique astigmatism component J45 with 189 
angle (+0.0017 ± 0.0088 D/°), but about half showed significant positive slopes (more 190 
positive or less negative values in the nasal field than in the temporal field) and a quarter 191 
showed significant negative slopes. This contrasts with the significant slope of +0.0060 ± 192 
0.003D/° found by Gustaffson et al. Several participants showed a change in direction of J45 193 
in the far periphery. When results were analysed over a ±35° range to match that of Atchison 194 
et al.
13
, the mean slopes were significantly different from zero at +0.0029 ± 0.0069 (p = 0.03) 195 
and close to those reported by Atchison et al. of +0.004 D/°. A positive slope is consistent 196 
with the visual axis being slightly upwards relative to the best fit optical axis in object space 197 
(usually by about 2-3° according to Tscherning
17
). 198 
     It is often considered that peripheral refraction is implicated in the development of 199 
myopia, with a pattern of relative peripheral hyperopia predisposing to the development of 200 
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myopia.
18,19
 On this basis there have been trials of ophthalmic devices to treat the progression 201 
of myopia. These lenses have modifications in the periphery to alter the relative peripheral 202 
refraction,
20,21
 and these have shown some degree of success. Similarly orthokeratology 203 
changes the peripheral refraction pattern in myopes from relative hyperopia to relative 204 
myopia, at least along the horizontal meridian,
 22-24
 and this may contribute to the success of 205 
this treatment in slowing myopia progression.
25-26
 206 
     The enthusiasm for the role of relative peripheral refractive errors stems from the work of 207 
Hoogerheide et al.
27
 As opposed to the common understanding, it is it likely that they 208 
measured peripheral refraction after, rather than before, myopia did or did not develop. Thus, 209 
their study has no predictive power in determining peripheral refraction patterns likely to lead 210 
to myopia
28. 
While the animal studies of Smith and colleagues
29-33 
provide compelling 211 
evidence for the importance of the peripheral retina in the development of refractive errors, 212 
recent work suggests that peripheral refraction pattern may be a consequence of, rather than a 213 
cause, of myopia in humans.
34-35 
 214 
     This aside, if relative peripheral hyperopia predisposes to the development of myopia, the 215 
importance of different visual field meridians and the angle out to which they might influence 216 
the development can be considered. There are considerable meridional differences, with the 217 
relative peripheral hyperopia of myopes along the horizontal visual field, out to 35° from 218 
fixation, not generally being found along the vertical meridian; this suggests that the vertical 219 
meridian is not important
13,36,37
  Allowing that our results have been taken on adults with 220 
stable refractions and along only the horizontal meridian of the visual field, our finding that 221 
7/13 emmetropes showed the IV/I pattern with relative peripheral hyperopia rather than the 222 
relative peripheral myopia beyond 40°, suggests it is unlikely that refraction at visual field 223 
angles beyond 40° from fixation will contribute to myopia development. 224 
 225 
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Figure Captions 321 
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Figure 1. Refraction as a function of horizontal visual field angle for 12 participants in our 324 
study. Two participants are shown from each of the refraction pattern groups I, II, III, IV/I, 325 
IV and V. The left plots show the vertical meridian (V) and horizontal meridian (H) 326 
components of refraction (eq. (1)), and the right plots show the mean sphere (M), 327 
with/against-the-rule astigmatism component (J180) and oblique astigmatism component (J45). 328 
Error bars are standard deviations across three measurements. The scale limits vary between 329 
participants, but all cover a range of 18 D. T and N represent temporal and nasal fields, 330 
respectively. 331 
 332 
 333 
Figure 2. Mean sphere (M) and 90°/180° astigmatism (J180) as a function of horizontal visual 334 
field angle for (a) myopes, (b) emmetropes and (c) hyperopes, from Millodot’s study.10 T and 335 
N represent temporal and nasal fields, respectively. 336 
 337 
 338 
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Figure 3. Refraction as a function of horizontal visual field angle for 20 emmetropic 339 
participants from the study of Gustafsson et al.
11
 using a point spread function test for (a) 340 
horizontal and vertical refraction components, and (b) mean refraction (M) and 90°/180° 341 
astigmatism (J180). The error bars for M and J180 are standard deviations. The J180 plot has 342 
been shifted by –2° to make all error bars clear. T and N represent temporal and nasal fields, 343 
respectively. 344 
 345 
 346 
Figure 4. (a) side and (b) top view of experimental setup for measuring peripheral refraction. 347 
